Luminal or extracellular acidification is a crucial process for the normal physiological function of several organs, including kidney, epididymis, bone, ear, and nose (6, 39, 48, 55, 69, 78, 115) . In the kidney, intercalated cells (ICs) are involved in the maintenance of systemic acid/base balance (13, 67, 150, 151) . Type A ICs (A-ICs) secrete protons into the tubule lumen and, thus, remove acid from the body (e.g., to correct systemic acidosis), whereas type B ICs transport protons across their basolateral membrane and secrete bicarbonate into the lumen, thereby retaining acid to correct systemic alkalosis.
Luminal or extracellular acidification is a crucial process for the normal physiological function of several organs, including kidney, epididymis, bone, ear, and nose (6, 39, 48, 55, 69, 78, 115) . In the kidney, intercalated cells (ICs) are involved in the maintenance of systemic acid/base balance (13, 67, 150, 151) . Type A ICs (A-ICs) secrete protons into the tubule lumen and, thus, remove acid from the body (e.g., to correct systemic acidosis), whereas type B ICs transport protons across their basolateral membrane and secrete bicarbonate into the lumen, thereby retaining acid to correct systemic alkalosis. In the epididymis, a small organ located downstream of the testis, clear cells (CCs) acidify the luminal compartment, a process that is essential for the proper maturation and storage of spermatozoa (97, 123) . In bone, osteoclasts create a local acidic environment that is essential for bone resorption (109) . In the inner ear, luminal acidification by interdental and other cells contributes to establishing a high K concentration in the endolymph (48), whereas in the nasal epithelium, acidification is involved in the sense of olfaction (92, 99, 101) . All these specialized acidifying cells have in common a high level of expression of the proton pump V-ATPase in their plasma membrane. V-ATPase-dependent luminal acidification in these cells is under tight physiological regulation, and dysfunction of the V-ATPase has been associated with several pathological conditions, including renal distal tubular acidosis, deafness, formation of kidney stones, proteinuria, impairment of the sense of smell, osteopetrosis, and osteoporosis (50, 67-69, 92, 101, 109, 128, 132, 141, 149) . A role of the V-ATPase in cancer has recently emerged, and its expression at the plasma membrane correlates with the invasive characteristics of various malignant cells (reviewed in Refs. 39, 52, 104, 146, 155) . This now positions the V-ATPase as a potential target for the treatment of cancers, including those of the prostate, breast, skin, and brain (43, 56, 83, 91, 120, 159) . In addition to mediating proton transport across the plasma membrane of specialized cells in some organs, the V-ATPase is involved in the acidification of intracellular organelles in all eukaryotic cells (6, 39, 55, 115) . This review focuses on the role of the V-ATPase in luminal acidification and discusses how this process is regulated in renal A-ICs and epididymal CCs.
Structure of the V-ATPase
The V-ATPase is a complex enzyme that is composed of several subunits that are assembled into two domains: a transmembrane V 0 domain and a cytosolic V 1 domain (27, 39, 78, 127, 151) . Most of our knowledge of V-ATPase structure has been acquired from studies on the yeast enzyme (38, 39, 65, 66, 88, 115) . The V 1 domain (ATP6V1) is formed by eight subunits that are designated by capital letters, each having a specific stoichiometry (A 3 B 3 CDE 3 FG 3 H 1-2 ). Subunits of the V 0 domain (ATP6V0) are designated by lower case letters (a, c, c=, c==, d, e). The V-ATPase is a rotary pump that is energized by ATP hydrolysis, which occurs in a catalytic hexamer formed by three A and three B subunits (FIGURE 1). A central axle composed of subunits D and F connects the A 3 B 3 complex to a proteolipid ring formed by the c, c=, and c== subunits (in mammals, the c= isoform is absent). ATP hydrolysis drives rotation of the D-F axle, which in turns induces rotation of the proteolipid c-ring. Proton translocation occurs at the interface between the rotating ring and the larger transmembrane subunit a. The complex is stabilized by three peripheral stators formed by subunits C, E, G, and H (53, 88). Various "knockdown" studies, mostly in yeast, have shown the requirement of all of the V 0 and V 1 sector subunits for normal assembly and function of the holoenzyme (45, 66) .
Some of the V-ATPase subunits have more than one isoform, and several putative splice variants have also been identified (85). For example, four "a" V-ATPase subunit isoforms are present in the human genome (127) . Subunit a1 is expressed ubiquitously; subunit a2 is present in the kidney, lung, spleen, and epididymis; subunit a3 was first localized in osteoclasts; and subunit a4 is present in the kidney, inner ear, and epididymis. Subunit B has two isoforms. B1 was originally labeled the "kidney" isoform but was later found in other tissues including the epididymis, whereas B2 was initially called the "brain" isoform and was later found to be ubiquitously expressed on intracellular organelles (18, 90, 108) . The different subcellular localizations of the V-ATPase holoenzyme are established through the assembly of a specific set of V-ATPase subunit isoforms. For example, a4 and B1 are mainly present in the plasma membrane and recycling vesicles of epididymal CCs (FIGURE 2) and renal ICs (30, 102, 105) . Mutations in the a4 and B1 subunits lead to distal renal tubular acidosis and deafness in humans, illustrating their important role in luminal acidification in the kidney and inner ear (68, 128) . No information on the fertility status of the affected male patients is yet available. The involvement of the V-ATPase in kidney and male reproductive physiology was further confirmed in mice that lack the transcription factor Foxi1, which is a master regulator of some V-ATPase subunits in ICs and CCs as well as in interdental cells in the inner ear (7, 8, 143) . Foxi1 KO mice develop distal tubular acidosis and are deaf. Furthermore, the males are infertile due to the inability of their sperm to move up the female tract and fertilize an egg. However, these mice also lack expression of other important acid-base regulatory proteins, including the anion exchangers AE1 and pendrin, which also could contribute to their various phenotypic manifestations.
Regulation of the V-ATPase

Targeting and Recycling
Proton secretion by renal A-ICs and epididymal CCs is regulated largely via V-ATPase recycling between subapical vesicles and the apical membrane (1, 13, 19, 118, 119, 123, 151) , although other mechanisms can also regulate V-ATPase function and proton secretion, including association/dissociation of the V 1 and V 0 domains (see below), and efficiency of coupling between ATP hydrolysis and proton pumping. Regulation of V-ATPase activity via coupling efficiency has been described mainly in yeast and will not be discussed here, but readers are referred to previous reviews on this subject (10, 39, 65, 78, 135) . In ICs and CCs, an increase in proton secretion correlates with an increase in the amount of V-ATPase present in the plasma membrane. Apical membrane accumulation of the VATPase leads to an amplification of the cell surface via formation and extension of apical microvilli or microplicae (76), which contain a high density of V-ATPase molecules (FIGURE 3). V-ATPase recycling from a pool of subapical vesicles is reflected in part by the very high endocytic activity of CCs and A-ICs (1, 14, 15, 51, 76, 86, 97). Disruption of the microtubule network by the pharmacological agent colchicine or by cold induces an almost complete redistribution of V-ATPase from the plasma membrane to intracellular vesicles in ICs and CCs (9, 12, 20) , an indication that the V-ATPase constitutively recycles between the cell surface and cytoplasmic vesicles. V-ATPase recycling is also regulated via modulation of the actin cytoskeleton. Indeed, subunits B1, B2, and C are reported to be actin-binding proteins (24, 57, 144) . Depolymerization of the cortical actin skeleton via inhibition of RhoA and its effector ROCKII induces the apical membrane accumulation of V-ATPase and extension of V-ATPase-labeled microvilli in epididymal CCs (122) .
Although the V-ATPase is significantly accumulated on the plasma membrane by stimuli that increase proton secretion, the relative contribution of increased exocytosis and/or decreased endocytosis remains to be quantified. Previous studies have shown that CO 2 exposure increases the exocytosis of vesicles containing the V-ATPase in FIGURE 1. V-ATPase subunit composition and organization Subunits A, B, C, D, E, F, G, and H form the V 1 cytosolic domain, and subunits a, c, d, and e form the V 0 transmembrane domain. ATP catalytic sites are located at the B/A subunit interfaces. Protons are transported between subunit a and the proteolipid c-ring. The V-ATPase rotor is formed by subunits D, F, and d and the c-ring. Three EG complexes together with subunits C and H form a stator, which is connected to the AB hexamer and the large transmembrane subunit a. The function of subunit e is still unknown. Image is based on data from Refs. 39 and 88.
acid-secreting cells in the turtle bladder, in parallel with an increase in proton secretion by this epithelium (140) . CO 2 also stimulates proton secretion in renal proximal tubules and collecting ducts (117) . In epididymal CCs, the V-ATPase is present only at low levels in subapical endocytotic vesicles labeled with a fluid phase marker during stimulation of proton secretion (FIGURE 4). This suggests that specific inhibition of V-ATPase endocytosis (but not endocytosis in general) also plays a role in its membrane accumulation. Endocytosis of another recycling protein, the AQP2 water channel, is inhibited during vasopressin stimulation of epithelial cell water permeability (13, 75), suggesting that this may be a more general cell biological mechanism to acutely regulate the surface expression of membrane proteins and, thereby, modulate epithelial transport processes.
V-ATPase interacts with components of the SNARE complex during its exocytosis (3), and VATPase-dependent proton secretion in CCs requires the participation of the v-SNARE cellubrevin (12). The mechanism by which plasma membrane V-ATPase is recycled back into the cell by endocytosis is unclear. It was shown many years ago that the endocytotic vesicles involved in this process are not clathrin coated (22), nor do they contain any of the other recognized coat proteins that regulate vesicle trafficking such as caveolin (11) and COP proteins (Breton S, Brown D, unpublished observations). Instead, V-ATPase-rich recycling vesicles are coated with the V-ATPase itself (17), leading to the hypothesis that the holoenzyme is a vesicle coating material that might direct trafficking of acidifying vesicles (16). Any one of the numerous V-ATPase subunits could interact with different components of the intracellular trafficking machinery. Dissecting which, if any of them, are involved in this process is an important goal for the understanding of physiological regulation in different cell types that acidify the extracellular environment, as well as for our general understanding of the role of the V-ATPase in vesicle trafficking in all cells.
V-ATPase Regulation by Subunit Assembly and Disassembly
The V-ATPase is unusual among membrane-associated transport proteins in that it consists of two functionally distinct domains, the V 0 and V 1 sectors, which may be dissociated under various experimental and physiological conditions to regulate pump activity (also reviewed in Refs. 39, 64, 78, 135). In the absence of the V 1 sector, which contains the ATPase catalytic site, the transmembrane V 0 domain remains within the lipid bilayer but cannot function as a proton pump. Pump function is, therefore, disabled by either complete or partial dissociation of V 1 . Regulation of the V-ATPase by V 0 -V 1 dissociation has been examined most extensively in nonmammalian systems, such as in the insect midgut during molting (133) , the blowfly salivary gland (162), and the yeast vacuole (63). Assembly/ disassembly has also been reported in a limited number of mammalian systems, including LLC-PK1 cells (116) and dendritic cells (137) . More recently, disassembly of the V-ATPase was proposed in alveolar type II epithelial cells, although no direct proof that this process occurs was provided in that study (26) . The extent to which this mechanism plays a role in regulating protein secretion in the two cell types discussed here (intercalated cells and clear cells) is unknown.
The factors that physiologically regulate dissociation of the V-ATPase complex are generally not well understood, but this process has been induced experimentally by low temperature in V-ATPase reconstituted from chromaffin granules (87) and low glucose or starvation in yeast (reviewed in Ref. 64 ). In contrast, high extracellular pH stabilizes the V 0 /V 1 complex in yeast (32, 94). Most of the V 1 domain remains intact after dissociation, except for subunit C, which dissociates from both domains (44, 63, 148). In the blowfly salivary gland, assembly of the V 1 domain into a functional membrane holoenzyme has been linked to serotonin stimulation, leading to cAMP elevation and PKA activity. The V 1 subunit is a target for PKA, and it was proposed that subunit C phosphorylation may be a switch that is involved in assembly of the V 0 /V 1 complex (147, 148) .
One intracellular component that plays a central role in the assembly/disassembly process in yeast is the so-called RAVE (regulator of V-ATPase in vacuoles and endosomes) complex. RAVE interacts with subunit C of the V 1 sector during the assembly process (126) . The RAVE complex has not yet been identified in mammalian cells, although proteins called rabconnectins, which are partially homologous to one component of the RAVE complex (Rav1), are required to support V-ATPase activity in Drosophila and mammalian cell lines (121, 160) , as well as in zebrafish synaptic vesicles (34).
It is likely that assembly/disassembly and vesicle trafficking make different quantitative contributions to the regulation of proton transport across plasma membranes vs. intracellular membranes such as endosomes, Golgi and TGN cisternae, and lysosomes. More work is needed to dissect their relative roles in these functionally distinct membrane subdomains. It is, however, probable that even disassembled portions of the V-ATPase may be trafficked to and from the plasma membrane by vesicle transport, adding a degree of complexity to efforts aimed at distinguishing these two distinct regulatory processes.
Nonhormonal Regulation
In addition to being an essential player in the establishment of male fertility, the epididymis also represents a powerful model system in which the regulation of V-ATPase-dependent luminal acidification in general can be examined. Indeed, the lumen of the epididymis is much larger than that of the collecting duct, which allows for the manipulation of the luminal environment without affecting the basolateral side, e.g., by perfusion of the intact tissue in vivo (13). An important question is: How do these proton-secreting cells sense and respond to variations in the acid/base status of the extracellular environment? Both CCs and A-ICs express the "bicarbonate" sensor, soluble adenylate cyclase (sAC). In the epididymis, alkalinization of the normally acidic luminal fluid leads to compensatory activation of proton secretion by CCs. This restores the acidic luminal environment that sperm require to mature and remain quiescent during storage (97, 125) . A series of studies revealed that the sAC is a key player in this homeostatic sensing and regulatory system. Increased luminal bicarbonate activates sAC in CCs, which in turn generates cAMP, activates PKA, and results in apical proton pump accumulation and increased proton secretion (95, 96). In the kidney, sAC is also highly expressed in ICs, and it co-immunoprecipitates in a complex with the V-ATPase (98). Following impairment of bicarbonate reabsorption in proximal tubules (e.g., resulting from a Fanconi syndrome) and a subsequent increase in the distal delivery of bicarbonate into the lumen of the collecting duct, we hypothesize that entry of HCO 3 Ϫ into A-ICs also leads to activation of sAC and, as in the epididymis, an increase in apical V-ATPase recruitment (95, 98). PKA, but not EPAC, participates in V-ATPase apical accumulation (2, 96). This series of events would provide a feedback mechanism by which A-ICs sense deviations in urinary bicarbonate concentration and regulate their rate of proton secretion accordingly to correct acid/ base imbalance. The mechanisms by which tubular epithelial cells detect apical and/or basolateral cues to regulate luminal proton secretion and, in the kidney, acid-base balance are complex and have been explored in recent reviews (21, 136).
But how does PKA activation result in plasma membrane V-ATPase accumulation in these cells? The V-ATPase contains several phosphorylation sites on different subunits, some of which are putative PKA target sites (100). In cultured cells, phosphorylation of the A subunit by PKA is necessary for plasma membrane accumulation of the VATPase (2, 47). PKA activity has also been linked to V-ATPase phosphorylation and/or its membrane recruitment or assembly in other tissues, including Manduca sexta midgut (148) , blowfly salivary gland (31, 111, 147), and the ciliary body epithelium in the eye (154). In addition, the V-ATPase C subunit of the plant Arabidopsis (AtBHA-C) is phosphorylated at multiple sites (59). By analogy with other systems, notably AQP2 trafficking in renal collecting duct principal cells (75), phosphorylation of the V-ATPase may lead to membrane accumulation by inhibition of endocytosis, although this remains to be demonstrated. Furthermore, the presence of other kinase sites on V-ATPase subunits suggests complex regulatory functions of phosphorylation in the trafficking, assembly, and activity of the holoenzyme that have not yet been explored in any detail.
Early studies on the turtle bladder showed that the CO 2 -stimulated exocytosis of proton-pumpcontaining vesicles is Ca 2ϩ dependent (140) . Similarly, pH-and cAMP-induced V-ATPase apical recruitment in the epididymis requires calcium (4, 156). Interestingly, an increase in intracellular calcium is required to induce maximal activation of sAC by bicarbonate, thereby maximizing cAMP generation within the cell (25). A potential link between bicarbonate activation of CCs and the requirement for intracellular calcium was provided by a study showing the participation of purinergic receptors in the regulation of V-ATPase in CCs (5). Extracellular ATP activates either purinergic P2X receptors, which are ligand-gated ion channels, or the G-protein-coupled P2Y receptors, leading to an increase in intracellular calcium (106) . Importantly, some purinergic receptors are regulated by extracellular pH (58). ATP and its metabolite adenosine both induce V-ATPase apical accumulation in CCs, providing a potential connection between luminal pH and the role of calcium in V-ATPase regulation (5). In addition, extracellular ATP stimulates bone resorption by osteoclasts (40, 70). Several purinergic receptors are present in the kidney (54, 107, 138, 139, 145) , but the regulation of acid/ base transport in this organ via purinergic signaling has not been characterized. 
Hormonal Regulation
Luminal acidification in the kidney is regulated by the renin-angiotensin-aldosterone system (reviewed in Refs. 150, 151) . Angiotensinogen, rennin, and the angiotensin I-converting enzyme (ACE) are present along the nephron, forming a local paracrine regulatory system (110, 112) . Consequently, the concentration of angiotensin II (ANGII) is higher in the lumen of the nephron compared with blood. ANGII induces the translocation of the VATPase from an intracellular pool to the apical membrane and stimulates proton secretion in type A-ICs (103, 113, 153 ). This effect is mediated by the ANGII type 1 receptor (AT1), which upon binding to ANGII triggers the PLC/PKC pathway (113) . In the epididymis, luminal ANGII also stimulates V-ATPase-proton secretion in CCs, but this effect is mediated by the ANGII type II receptor (AGTR2) and requires the contribution of adjacent basal cells (124) . Components of the renin-angiotensin system are also present in the lumen of the epididymis, including ANGI and ANGII (35, 114, 129, 158) . ACE exists in two forms, a somatic form and a testicular form (t-ACE) expressed in spermatozoa. Absence of t-ACE in knockout mice leads to male infertility due to a defect in sperm function, indicating a potential epididymal dysfunction (35, 46, 71). t-ACE is released from sperm as they mature in the epididymal lumen, and it contributes to the production of ANGII (42, 82, 134) . ANGII binds to the ANGII type II receptor (AGTR2) in basal cells, which detect ANGII via a narrow body extension that probes the luminal content (124) . Activation of AGTR2 triggers the production of nitric oxide, which then diffuses out of basal cells to enter CCs, where it activates the cGMP pathway. cGMP elevation induces the apical accumulation of the V-ATPase followed by stimulation of V-ATPase-dependent proton secretion in CCs (124) . Thus, in the epididymis, CCs respond differently to ANGII compared with renal ICs, in which the ANGII type I receptor, followed by activation of the PKC pathway, is responsible for V-ATPase stimulation (113) . ANGII has also been reported to increase apical V-ATPase expression and function in the renal proximal tubule (152) by an effect involving tyrosine kinase, p38 MAPK, and PI3K activation (23).
In addition to ANGII, aldosterone is also a key regulator of luminal acidification in the kidney (150, 151) . A defect in aldosterone signaling causes type IV distal renal tubular acidosis (type IV dRTA) (33), an effect that is at least partially mediated via modulation of V-ATPase-dependent luminal acidification in the kidney (33, 41, 49, 89, 131) . In addition to a long-term genomic effect of aldosterone, more recent studies have identified nongenomic actions of aldosterone (reviewed in 156, 157) . Aldosterone stimulation in these cells is independent of transcription or translation and is not inhibited by the mineralocorticoid receptor blocker spironolactone. It is mediated by G␣q proteins and requires PLC and PKC activity, as well as ERK1/2 MAPK kinase activity. Parallel activation of the cAMP/PKA pathway was also observed. However, activation of PKA with 8-BrcAMP together with inhibition of PKC failed to induce V-ATPase activation, whereas activation of PKC with DOG stimulated V-ATPase even in the presence of the PKA inhibitor H89. It was, therefore, proposed that the PLC/PKC is the main pathway for aldosterone stimulation and that PKA may play a modulatory role. Aldosterone treatment of rats in vivo induced the translocation of V-ATPase from intracellular vesicles to the apical membrane in A-ICs of outer medullary collecting ducts (156). Thus aldosterone stimulates proton secretion in A-ICs via a rapid nongenomic action mediated by a G␣q protein-coupled receptor. This indicates the possibility that similar epididymal CCs might also be regulated by circulating aldosterone, and ongoing studies are currently being performed in our laboratory to determine whether this is the case.
Animal Models for the Study of the V-ATPase
Several mouse models have been generated to study the function of the V-ATPase. Mice lacking the B1 subunit (B1 KO mice) were produced as a model for human distal tubular acidosis caused by mutations in the B1 gene (37). Surprisingly, normal systemic acid/base balance was observed in these mice. In addition, the males were fertile, and a normal acidic pH was measured in the lumen of the epididymis (30). Importantly, an increased amount of V-ATPase containing the B2 subunit is inserted into the plasma membrane of ICs and CCs, showing a compensatory function of this "ubiquitous" isoform in B1-null mice (30, 102). In wild-type (WT) mice, only a very small amount of the B2 isoform can be detected at the surface of these cells, where it colocalizes with B1. Although the increase in plasma membrane delivery of the B2 subunit is sufficient to maintain a normal acid/ base status under baseline conditions, severe acidosis was observed in B1 KO mice exposed to an acid load in vivo (NH 4 Cl in the drinking water) (37). This suggests that the B2 isoform does not fully compensate for the absence of B1 when these mice are stress tested. In addition, a reduced rate of V-ATPase-dependent proton extrusion was observed in ICs from collecting ducts isolated in vitro (102) , and ANGII failed to stimulate V-ATPasedependent luminal acidification (113) .
How can we explain the finding that B1-null mice show no overt phenotype under baseline conditions, whereas humans with B1 mutations develop severe dRTA? Although the role of dietary differences has not been completely excluded, cell culture studies shed some light on this phenomenon at a mechanistic level. In IMCD (inner medullary collecting duct) cells, transfected B1 subunits containing some of these point mutations do not assemble into functional holoenzymes, and, furthermore, they competitively inhibit trafficking of the endogenous B1-containing V-ATPase to the plasma membrane (161). Based on these results, it was proposed that B1 contains a targeting sequence allowing plasma membrane expression of the holoenzyme. However, data from the B1-null mice clearly show that the holoenzyme can be located at the cell surface even in the absence of the B1 subunit in mice, implying that B1 is not an absolute requirement for plasma membrane targeting of the V-ATPase. This is also supported by the fact that surface expression of the V-ATPase is abundant in cells that express predominantly the B2 isoform, such as proximal tubules (151) and osteoclasts (72). It is possible, therefore, that the presence of mutated B1 subunits in humans inhibits the formation and cell surface trafficking of B2-containing V-ATPases. More proton secretory function would then be retained in cells that express no B1 at all compared with cells expressing mutated B1 subunits. A detailed analysis to correlate the nature of the human mutations to the severity of their phenotype would be informative in this respect.
In another mouse model, the B1 subunit promoter was used to drive cell-specific expression of enhanced green fluorescent protein (EGFP) (84). Specific expression of EGFP was achieved in ICs, epididymal CCs, and clara cells of the lung, providing a powerful model for the characterization of B1-expressing cells. These mice allowed the isolation of renal ICs and epididymal CCs by fluorescenceactivated cell sorting (FACS). Their proteome was compared with the respective EGFP-negative cell population by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (29). Out of the 2,297 and 1,564 proteins that were detected in the IC and CC populations, respectively, 202 and 178 were enriched compared with EGFP-negative cells. A few proteins were commonly enriched in ICs and CCs, including the V-ATPase B1, A, and a4 subunits, as well as proteins involved in PKA binding-endosomal transport (Lrba), the progesterone receptor (Pgrmc1), and proteins involved in cytoskeleton dynamics. This proteomic analysis provides a framework for the future characterization of the common and distinct functions of B1-expressing renal ICs and epididymal CCs. The complete database of proteins in these V-ATPase-rich cells is publicly available at http://dir. nhlbi.nih.gov/papers/lkem/kevcpd/KvcpData.aspx.
In addition, the B1-EGFP mice were crossed with B1-KO mice to generate a novel EGFP-B1 KO mouse model (142) . This allowed for the isolation of renal ICs that were lacking the B1 subunit by FACS. Western blot analysis showed a markedly increased expression of the "compensatory" B2 subunit in B1-KO ICs vs. WT-ICs. However, significant decreases in the expression of the ubiquitous subunits A, E, and H were also detected, which would account for the overall reduction in VATPase activity that was reported in collecting ducts isolated from B1-KO mice compared with WT mice (102) .
Mice lacking the a4 subunit were recently engineered and showed profound dRTA and hearing loss (50, 92). Proximal tubule function was also impaired in these mice and was manifested by proteinuria, phosphaturia, reduced endocytosis, and accumulation of material in the lysosomes of proximal tubule cells (50). It was proposed that the severe acidosis observed in patients harboring mutations in the ATP6V0A4 gene might be the result of a complex phenotype that involves proximal tubule function in addition to collecting duct ICs. Interestingly, V-ATPase subunits A, B1, and E1 were also markedly downregulated in the a4-null mice. The downregulation of several (but not all) components of the holoenzyme in V-ATPase a4 and B1 subunit-deficient mice suggests that their expression is regulated in parallel, perhaps at the transcriptional or translational level. Alternatively, the assembly of intact holoenzymes could be disrupted in these mice, leading to a less stable holoenzyme complex. Interestingly, ICs from the a4-null mice have a greatly reduced number of characteristic V-ATPase transporting "tubulovesicles" in their cytoplasm (50) (these structures are visible in FIGURE 3), suggesting that the expression and perhaps the assembly of the V-ATPase are closely related to the biogenesis of this specialized organelle.
Foxi1 is a forkhead transcription factor that has been proposed as a regulator of V-ATPase expression and as a determinant of the cellular composition of the collecting duct and the epididymis (143) . Mice lacking Foxi1 have an essentially normal kidney, but their collecting ducts do not contain cells that express the anion exchangers AE1 (typically in A-ICs), pendrin (characteristic of type B ICs), or several V-ATPase subunits. Cells with the specific morphology of ICs are absent, and most collecting duct cells express AQP2 in addition to carbonic anhydrase II, usually an IC marker (15). Using a luciferase-based promoter assay, Foxi1 was shown to be a direct regulator of a4 (as well as pendrin and AE1), but the level of expression of B1 subunit mRNA was unchanged in Foxi1-null mice, despite the fact that B1 protein was undetectable (7, 143). This result implies that, although Foxi1 may directly regulate transcription of some VATPase subunit genes, others such as B1 are regulated indirectly, perhaps as a result of reduced a4 subunit levels. This would, therefore, be consistent with the reduction in some subunit levels that was reported in a4-null mice.
The V-ATPase as a pH Sensor
Marshansky and colleagues showed that the VATPase is not only involved in net proton secretion and acidification of intracellular organelles but that it acts as a pH sensor that regulates key enzymes and modulates its own function (61, 77, 80, 81). The a2 isoform of the V-ATPase recruits "coat" proteins to endosomal membranes in response to vesicle acidification (79), a process that directs intracellular trafficking and targeting events (6, 16, 39, 55, 78, 115). The V-ATPase itself was proposed to be a member of the "coat" protein family along with clathrin, COP proteins, and caveolin, which all produce morphologically detectable protein coats on vesicles and, in some cases, plasma membranes (16). In addition to recruiting proteins to the endosomal membrane, it has been shown recently that association of GTPase regulatory proteins such as cytohesin 2 with the a4 NH 2 terminus actually modulates the enzymatic GEF activity of the cytohesin and, thereby, of its cognate small GTPase, Arf6 (60). This positions the V-ATPase as a pH sensor that no only recruits endosomal coat proteins in an acidification-dependent manner but can also modulate the enzymatic activity of GTPases that are involved in various aspects of cellular function. The V-ATPase has, therefore, now transitioned from being only a proton pump to being recognized as a protein complex that is a central part of a cellular signal transduction cascade on endosomes and, possibly, on other membrane domains also. Other data relating the V-ATPase to notch (160) and Wnt (28) signaling pathways also position this enzyme as a central player in a variety of regulatory pathways, and some V-ATPase subunits have even been linked to the regulation of apoptosis (73, 93). Importantly, activation of notch signaling results in greatly increased numbers of ICs in the mouse collecting duct, along with the development of nephrogenic diabetes insipidus due to the loss of vasopressinsensitive principal cells (62). Future studies are required to determine whether a notch-V-ATPase interaction is involved in the development of the collecting duct and how it may govern the relative number of intercalated cells and principal cells.
Summary and Conclusion
Acidification of the extracellular milieu via the VATPase plays a crucial role in maintaining healthy organ function and is perturbed in several pathological conditions. The V-ATPase is involved in numerous physiological processes, including systemic acid/base balance, male fertility, bone remodeling, hearing, and olfaction. In addition, its role in cancer has recently emerged, particularly as a key mediator of the invasive ability of malignant cells. The VATPase is composed of many subunits, several of which exist as more than one isoform. Different specialized cells, in which the V-ATPase is highly expressed, often contain holoenzymes of distinct isoform composition. This heterogeneity plays a role in determining the subcellular localization of the VATPase and is important for cellular function. Plasma membrane accumulation of the V-ATPase is mediated via vesicle recycling and is increased by the cAMP, cGMP, and PLC/PKC pathways in response to various nonhormonal (e.g., pH, bicarbonate, CO 2 ) and hormonal (e.g., ANGII, aldosterone) stimuli. Recycling of V-ATPase-rich vesicles requires intact microtubules and the actin cytoskeleton. Phosphorylation of some V-ATPase subunits by PKA plays a role in its plasma membrane accumulation, but the exact mechanisms involved in this process remain unknown. V-ATPase activity in yeast and insects is also regulated via association/dissociation of the cytosolic V 1 domain with the transmembrane V 0 domain. However, whether this process is a general regulatory mechanism in intact mammalian cells still remains to be determined. Finally, the V-ATPase is now considered a coat protein that recruits proteins to endosomal membranes in a pH-dependent manner and modulates the activity of key GTPases and signaling molecules. The V-ATPase is, therefore, a multifaceted enzyme that plays fundamental roles in the response of specialized cells to extracellular cues that regulate acidification of the extracellular environment in various organs and tissues. Ⅲ We thank Dr. Yechun Ruan for preparing the illustration shown in FIGURE 1, and Dr. Marija Ljubojevic for the picture shown in FIGURE 2. Finally, we thank our many colleagues and collaborators who have made significant contributions to our V-ATPase studies over many years. 
